Liquidus temperatures and phase equilibria have been determined in the olivine primary phase field of the MgO-"FeO"-SiO 2 -Al 2 O 3 system. Liquidus isotherms have been determined in the temperature range from 1748 to 1873K. The results are presented in the form of pseudo-ternary sections of the MgO-"FeO"-SiO 2 with 2 and 3 wt% Al 2 O 3 in the liquid. The study enables the liquidus to be described for a range of SiO 2 /MgO ratios. It was found that liquidus temperatures in the olivine primary phase field decrease with the addition of Al 2 O 3 .
Introduction
This is the fourth in a series of papers on phase equilibria in the system MgO-"FeO"-SiO 2 -Al 2 O 3 1-3) in equilibrium with metallic iron. This system describes a number of industrially important metallurgical slags. Previous studies [1] [2] [3] have shown that the presence of alumina can have significant effect on the liquidus temperatures of the slags. Data on the MgO-"FeO"-SiO 2 , 1) MgO-Al 2 O 3 -SiO 2 4) and "FeO"-Al 2 O 3 -SiO 2 5) subsystems have been described in detail. However there are many aspects of the phase equilibria in the system that have not yet been fully characterised.
Limited experimental data in the MgO-"FeO"-SiO 2 -Al 2 O 3 system are available in the literature. The pseudobinary system 2MgO · 2Al 2 O 3 · 5SiO 2 -2FeO · 2Al 2 O 3 · 5SiO 2 , part of the MgO-"FeO"-SiO 2 -Al 2 O 3 system, was investigated by Miyashiro 6) using optical microscopy and X-ray diffraction. The study presents information on the conditions of formation of cordierites ((Mg, Fe) 2 7) investigated the MgO-"FeO"-SiO 2 -Al 2 O 3 system with SiO 2 (quartz saturation) at 1073 K and 3 kbar. Subsolidus equilibria and tie lines were determined in their studies using X-ray diffraction and the petrographic microscope. The assessment of thermodynamic properties of phase relations in the "FeO"-MgO-Al 2 O 3 -SiO 2 system at pressures up to 30 GPa was reported by Fabrichnaya.
8)
The objective of the present investigation is to obtain experimental data on the liquidus in the olivine primary phase field of the MgO-"FeO"-SiO 2 -Al 2 O 3 system with 2 and 3 wt% Al 2 O 3 . The effect of Al 2 O 3 on liquidus temperatures in the system is considered and the tie lines are also determined in this investigation.
Experimental Procedure
The experimental procedure used in the present investigation is one that has been developed specifically to provide accurate liquidus data in complex slag systems. [9] [10] [11] [12] Powders (ϳ10 mm) of Fe, Fe 2 O 3 , SiO 2 , Al 2 O 3 and MgO of over 99.5 wt% purity were used as starting materials. The pure powders were calcined where required, weighed using an analytical balance (Ϯ0.01 mg accuracy), mixed with an agate mortar and pressed into pellets in a steel die. Excess iron metallic powder was added to ensure the slag was always in equilibrium with metallic iron. Each pellet (0.3 mg) was wrapped into an envelope of molybdenum foil (99.9ϩ wt% purity of 0.025 mm thickness). The envelope was suspended on a Pt wire inside a recrystallised alumina furnace tube. The temperature was determined using a Pt/Pt-Rh thermocouple positioned next to the sample. The furnace tube was filled with an atmosphere of ultra high purity N 2 gas (Յ2 ppm O 2 ). After equilibration at a predetermined temperature for the required time (30 min to several hours) the sample was dropped directly into cold salt water. The quenched sample was dried, mounted and polished. The polished sections were examined using an optical metallurgical microscope and then a scanning electron microscope (SEM) coupled with energy dispersive spectra analysis (EDS) to obtain images of the microstructures. A JEOL-8800L electron probe X-ray microanalyser with wavelength dispersive spectrometers (WDS) was used to measure glass and crystal compositions. The Duncumb-Philibert ZAF correction procedure supplied with the JEOL-8800L was applied. The standards used for EPMA are given in Table  1 . The average accuracy of the EPMA measurements is within 1 wt% of element concentration. Only samples hav-ing phase analysis measurements within Ϯ0.5 wt% are presented in this investigation.
Results and Discussion

Liquidus
To consider the effect of Al 2 O 3 on liquidus temperatures in the region, the experimental results are represented in the form of pseudo-ternary sections MgO-"FeO"-SiO 2 at fixed weight percentages of Al 2 O 3 in the liquid phase.
The experiments were carried out in the olivine primary phase field in the MgO-"FeO"-SiO 2 -Al 2 O 3 system in equilibrium with metallic iron. The data obtained have been used to construct the liquidus isotherms in the MgO-"FeO"-SiO 2 -Al 2 O 3 system with 2 and 3 wt% Al 2 O 3 (Figs. 1 and 2) at temperatures in the range 1748 to 1873 K. EPMA measurements are presented in Tables 2 and 3 .
The general shapes of the olivine liquidus surfaces for the MgO-"FeO"-SiO 2 -Al 2 O 3 slags containing 2 and 3 wt% Al 2 O 3 are similar to that in the ternary system MgO-"FeO"-SiO 2 .
3) It can be seen from Figs. 1 and 2 that, compared with the MgO-"FeO"-SiO 2 system, there is a decrease in the liquidus temperatures in the olivine primary phase field with the presence of alumina.
As described in a previous publication, 2) there are several ways in which the influence of alumina addition and replacement on the liquidus can be viewed and represented. The change in liquidus temperature depends on which directions in the compositional space changes are made. This point is illustrated for a selected compositional range using three different methods of comparison. Two compositions in the MgO-"FeO"-SiO 2 system were selected to compare the effects. Point A1 has bulk composition 49.1SiO 2 , 32.4MgO and 18.6FeO in wt%, and point A2 has 51.3SiO 2 Figs. 3(a) and 3(b) . 
Conjugate Lines
Inspection of the EPMA measurements in Table 2 shows that there is no solubility of Al 2 
Industrial Application
Laterite nickel smelting slag consists principally of MgO, "FeO" and SiO 2 , however other minor components are also present including Al 2 O 3 , Cr 2 O 3 , MnO and CaO. The present study has shown that the presence of these impurities should be taken into account for the accurate prediction of liquidus temperatures. Changes in the feed composition at a particular operating temperature can lead to conditions where the slag is above or below the liquidus. Operating above the liquidus enhances the refractory dissolution. In the olivine primary phase field at conditions well below the liquidus the viscosity of the slag increases rapidly due to decrease viscosity of the remaining liquid phase and increase in % solids present. Clearly control of the process becomes easier if the location of the liquidus surface and subliquidus equilibria as a function of bulk slag composition, temperature and oxygen partial pressure has been characterised.
Conclusions
Liquidus isotherms and phase equilibria in the olivine primary phase field of the MgO-"FeO"-SiO 2 -Al 2 O 3 system with 2 and 3 wt% Al 2 O 3 in equilibrium with metallic iron have been determined for temperatures in the range 1748-1873 K. It has been shown that the addition of Al 2 O 3 decreases the liquidus temperatures for all composition in the olivine primary phase field. There is no solubility of alumina in olivine. Conjugate lines between liquid and olivine have been determined at temperatures range from 1773 to 1823 K. These new experimental data can be used to predict the effect of alumina on the liquidus temperatures in nickel smelting slags, and for the development of accurate thermodynamic models of the slags.
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